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Abstract
Air Gap Membrane distillation (AGMD) is a thermally driven separation process capable of 
treating challenging water types, but its low productivity is a major drawback. Membrane 
fouling is a common problem in many membrane treatment systems, which exacerbates 
AGMD’s low overall productivity. In this study, we investigated the direct application of low-
power ultrasound (8-23W), as an in-line cleaning and performance boosting technique for 
AGMD. Two different highly saline feedwaters, namely natural groundwater (3970 S/cm) 
and RO reject stream water (12760 S/cm) were treated using Polytetrafluoroethylene 
(PTFE) and polyvinylidene fluoride (PVDF) membranes. Theoretical calculations and 
experimental investigations are presented, showing that the applied ultrasonic power range 
only produced acoustic streaming effects that enhanced cleaning and mass transfer.  
Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR FT-IR) analysis 
showed that ultrasound was capable of effectively removing silica and calcium scaling. 
Ultrasound application on a fouled membrane resulted in a 100% increase in the permeate 
flux. Cleaning effects accounted for around 30-50% of this increase and the remainder was 
attributed to mass transfer improvements. Contaminant rejection percentages were 
consistently high for all treatments (>99%), indicating that ultrasound did not deteriorate the 
membrane structure. Scanning Electron Microscopy (SEM) analysis of the membrane surface 
was used to confirm this observation. The images of the membrane surface demonstrated that 
ultrasound successfully cleaned the previously fouled membrane, with no signs of structural 
damage. The results of this study highlight the efficient and effective application of direct low 
power ultrasound for improving AGMD performance. 
Keywords: Membrane distillation, Direct Ultrasound, Fouling control, Cleaning, AGMD, 
Challenging feedwater and Mass transfer. 
1. Introduction 
Membrane distillation (MD) is an emerging desalination process, currently being considered 
as a viable alternative to conventional desalination technologies such as multi-stage flush and 
multi-effect evaporation. MD has several economic and environmental advantages, including 
its ability to operate at low system pressures (<1 bar) and at relatively low feedwater 
temperatures (< 80oC) [1, 2]. Other economic advantages of the MD process include reduced 
potential for membrane damage, compared to high pressure-driven processes [3], no 
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requirement for feed water pre-treatment [4] and reduced chemical usage [5]. There are four 
common designs of MD; direct contact MD (DCMD), air gap MD (AGMD), Sweeping gas 
membrane distillation (SGMD) and Vacuum membrane distillation (VMD). AGMD is of  
particular interest to researchers due to its potential for being scaled up to industrial size [6].  
Because of their versatility and effectiveness, the use of membrane processes in water 
treatment and desalination technologies has dramatically increased over the past few decades. 
However, membrane fouling remains the main issue significantly impeding their overall 
performance [7]. Depending on the feedwater type, membrane fouling can be classified into 
four main categories, such as colloidal, inorganic, organic and bio-fouling [8]. As membrane 
filtration proceeds, fouling materials are accumulated on the membrane surface or within its 
pores. This negatively affects separation efficiency over  extended periods of time [9]. Thus, 
membrane fouling caused by the accumulation and deposition of salts on the surface of MD 
membranes due to feed water evaporation can compromise membrane’s hydrophobicity and 
increase pore wetting [10]. The leakage of feedwater through the wetted pores to the 
permeate side of membrane not only reduces the vapour flux but also promotes salt passage 
across the membrane significantly deteriorating permeate quality [11, 12]. 
Historically, a range of different cleaning techniques as well as their combinations have been 
practiced to control membrane fouling, including mechanical [7], thermal [13], physical [14], 
and chemical cleaning [15]. The lifetime of a membrane can be significantly reduced due to 
its contact with aggressive chemicals during chemical cleaning [16]. Additionally, the 
aggressive chemical cleaning solutions represent a threat to the environment and need to be 
appropriately treated before their discharge into the environment. Other disadvantages of 
traditional cleaning methods are reducing surface roughness, changing the hydrophobicity of 
the membrane, and altering membrane surface charge [17, 18].  With all of these cleaning 
techniques, the system must also be shut down, and in some cases, the membranes have to be 
removed, leading to a considerable downtime or costly duplication of filtration systems [19]. 
Hence, this study proposes the use of in situ ultrasonic cleaning technique for AGMD. 
Ultrasound is considered as a viable alternative to traditional cleaning methods and has been 
successfully applied to remove foulants from pressure driven membranes such as reverse 
osmosis (RO), ultrafiltration (UF) and microfiltration (MF) [20-22]. This cleaning technique 
is inherently chemically free [23], requires no system shutdown or need for membrane 
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removal from the system for ex situ cleaning, which also minimises the membrane’s contact 
with air. Ultrasonic cleaning has minimal effects on the environment and human health and is 
relatively simple to implement in water treatment systems [24, 25]. It also has the potential of 
being a beneficial anti-fouling upgrade and efficient at deactivating a wide range of microbes 
and viruses [26, 27]. Regular in situ use of ultrasound can also increase a membrane’s 
operational run-time due to significantly decreased fouling rates [28]. During the ultrasonic 
process, deposited particles are removed from the membrane surface due to mechanical 
vibration or by the so-called ‘micro-jet’ action of collapsing cavitation bubbles [29]. As a 
result of this cleaning action, the permeate flux through the membrane tends to recover back 
to pre-fouling levels. However, applying ultrasonic power at a level of cavitation inception 
can cause damage to the membrane [30]. Ultrasound may also improve the separation 
efficiency of the membrane as it is known to enhance fluid separation [31-33]. For the case of 
MD, the separation is governed mainly by mass and heat transfer across the membrane and 
the vibrational effects of ultrasound can improve both of these phenomena [34].       
Despite the fact that some previous studies have explored the use of ultrasound technologies 
for the alleviation of fouling in MD [35, 36], all of them were conducted with DCMD 
modules, which is technically an easier task than the application of ultrasound in an AGMD 
module. Direct contact with the feedwater allows ultrasound to be applied to any ‘wet’ part of 
the system and the waves can easily transfer to the membrane through conduction. 
Additionally, previous investigations explored ultrasound application through a conveying 
media (the module body or water bath) [35-37]. Such applications can be extremely energy 
inefficient, as a large part of ultrasonic energy gets absorbed by the conveying media. The 
case is quite different with an air-gap design, as applying ultrasound through the housing of 
the membrane does not result in effective propagation of the waves to the membrane. The air-
gap is a poor transport path for the ultrasonic energy to be transferred to the membrane, due 
to the comparatively low viscosity of air. Hence, this study will address the challenge of 
externally applied ultrasound and demonstrate that although more difficult, the correct direct 
external application to the membrane surface requires only a small fraction of the power used 
to achieve the same anti-fouling and permeate flux production enhancements with DCMD.  
In this study, the ultrasonic transducer is mechanically coupled to the membrane spacers on 
either side of the membrane cassette. 
Our previous research showed a successful application of low intensity magnetostrictive 
ultrasound with square wave excitation for water treatment [38]. Based on these results, we 
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now investigate the applicability of the same ultrasound topology at power range of 8 - 23W 
corresponding to an application intensity of approximately 24 - 68 W/m2, for in-line anti-
fouling and performance enhancement of an AGMD system for two types of MD 
membranes; polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF). The effect 
of feedwater flow rate and temperature on permeate flux and membrane rejection during the 
AGMD process is evaluated with respect to two types of feedwater, RO reject water and 
natural groundwater. Theoretical investigations identifying ultrasound mechanisms for 
improving membrane performance are also presented. However, developing a detailed 
mathematical model for simulating ultrasonic-assisted AGMD operation under different 
treatment scenarios is recommended for future work.   
2. Materials and methods 
2.1. Sample preparation 
RO reject water and natural groundwater samples, henceforth denoted as RW and NW were 
collected from Dalby Sewage Water Treatment Plant (Dalby, Qld 4405 Australia) and were 
used as feedwater for the MD system. The physico-chemical characteristics of these water 
samples are provided by the treatment plant as shown in Table 1.
Table. 1. Properties of feedwater samples.










Manganese (dissolved) <0.001 -
Fluoride 0.51 0.09
Total Nitrogen 0.58 0.67
Total organic carbon <1.0 <1
Iron (dissolved) <0.01 -
6
Barium 0.053 0.056
Solids (total) 1900 1900
SiO3 180 160
Sulphate 140 150
Total Sodium 730 550
Total Alkalinity (meq/L) - 324
Bicarbonate Alkalinity (meq/L) - 324
Conductivity (μS/cm) 12,760 3,970
Total Dissolved Solids - 1900
2.2. Membrane specifications
PTFE laminated on typar 3161L and PVDF membranes without a support layer were used in 
the experimental work. These two membranes are commonly used in MD processes due to 
their hydrophobicity, thermal stability and mechanical durability to withstand ultrasound 
vibration [35, 39, 40]. Both membranes were supplied by Donaldson Filtration Solutions. The 
main characteristics of the membranes are shown in Table 2. The dimensions of the 
membrane cassette were as follows: 42 cm (length) × 1 cm (thickness) × 24 cm (width). 
Membranes were installed on both sides of the cassette with the total effective surface area of 
0.2016 m2. 
Table 2:  Characteristics of the PTFE and PVDF membranes
Specification PTFE membrane PVDF membrane
Material PTFE PVDF
Support Laminated on typar 3161L 
spunbond polypropylene
None
Pore size (µm) 0.3 0.3
Thickness (µm) 254 154 
Porosity (%) 75 80
Contact angle (o) 114 97.4
2.3. Experimental setup
The AGMD setup used in this investigation is demonstrated in Fig. 1. As illustrated in Fig.1 
a, the setup is consisted of two thermally insulated tanks with a capacity of 33 L each for 
carrying feedwater and coolant water. The water flow from the feed and coolant sides into the 
membrane module via their respective 12 mm automotive grade rubber hoses. The hoses 
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were lagged with the pipe insulation to reduce heat losses. Two rotameters (variable area 
flow meter type 335, 4 - 20 mA output, 0 - 500 L/hr, supplied by George Fischer) were 
utilized to measure the feedwater and coolant water flow rates. Two centrifugal immersion 
pumps (Precision Immersion Heater Circulator, 24Volt dc, supplied by Ratek) were used to 
circulate the heated feedwater and the coolant water in a batch mode. 
The AGMD module was machined from aluminium and was equipped with 316 grade 
stainless steel fittings. Seven industrial-style temperature probes (RTD sensor - Pt100 type 
with pot seal, supplied by TC Direct) were installed onto different locations along the water 
flow pathways; four on the feedwater side and three on the coolant side to monitor 
temperature in the AGMD system. The temperature controller accuracy was ± 2oC.  Pressure 
sensors (Wika type DP250, 0 - 250 mbar, 4 - 20 mA output, supplied by Wika) were 
connected through isolation transmitters to the feed inlet and outlet of the AGMD module in 
order to monitor the pressure in AGMD system. Two conductivity sensors (Microchem 
Conductivity Transmitter, supplied by TPS +/- 4.0S/cm) were used to measure the 
conductivity in the feed and coolant tanks to determine the rejection percentage. An 
electronic balance with serial interface (model PA64C, supplied by Technical Advantages) 
was used to record the mass of produced permeate. All sensors were connected to an 
industrial PLC/SCADA system for control data logging and display purposes. 
 
The feed and coolant compartments of the AGMD module were connected to the respective 
heating and cooling systems. The membrane cassette was precisely located between the two 
compartments with the selective layer of the membrane facing the feed side of module. An air 
gap of 2 mm between the other side of membrane and coolant side was maintained using 1 
mm thick in-house made 316 stainless steel metallic spacers on both sides (Fig1 b). The 
spacers dimensions are similar to those of the membrane with a thickness of 1 mm. The feed 
solution flows between the membranes placed on either side of the cassette module and 
permeate was ultimately collected in the permeate tank via the cassette module outlet pipe 
located at the lower end of the module.
Fig.1 c shows two ultrasound transducers (model CU18A, Etrema Products, Inc.) were 
mounted externally on the AGMD module resting on rubber discs. The ultrasonic transducers 
were connected to the spacers through two metallic screws. Ultrasonic power was controlled 
using a system shown in Fig.1 (c). Detailed description of the system can be found elsewhere 
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[38]. The ultrasonic power applied in this study ranged between 8 W (intensity ≈ 24 W/m2) 
and 23 W (intensity ≈ 68 W/m2) in a continuous mode at a fixed frequency of 17.8 kHz 
(resonance frequency). Continuous mode is likely to be more effective than the pulsed mode 
in ultrasonic-assisted AGMD applications. Pulsed mode is normally applied as an energy 
saving mode for high power ultrasonic applications where cavitation occurs [41]. Pulsed 
mode ultrasound improves cavitational effects by enlarging the effective zone of cavitation 
and reducing shielding effects [42, 43]. The occurrence of cavitation is unexpected with the 
low power level applied in this study, thus continuous mode was selected for conducting the 
experimental work. Although testing various frequency levels is not covered in this 
investigation, it is worth mentioning that increasing ultrasonic frequency may deteriorate the 
structural properties of the membrane, especially for frequencies greater than 20 kHz [44]. It 
was found that increasing the frequency from 20 kHz to 68 kHz negatively affected the 
permeate flux of DCMD [35]. Also, in order to compare system efficiency fairly at different 
treatment frequencies, the transducers and spacer plates used to transfer the ultrasonic energy, 
need to be at resonant frequency, requiring a design and equipment change for each 
frequency applied. Hence, a single low frequency level was applied in this initial 























































24 Volt DC-2.5 Amp flow rate 4 L/min
submersible Model: LVMI3I
24 Volt DC-2.5 Amp flow rate 4 L/min
manual valve, control on the
flow rate  on/off heat side
Manual valve,  control 
on the flow rate, heat side
Manual valve, control on
the flow rate, coolant side
Variable area flow meter type 335
range 50-500 L/hr
RTD Sensor -Pt100 with Pot Seal,
Operating range: -75ºC to
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0 to 1 V DC or 0 to 5 V DC Outputs,
k=0.1 Sensor....0 to 19.99 uS/cm










Fig. 1: AGMD setup: (a) Schematic representation (b) metallic spacer, (c) AGMD module connected 
to ultrasonic transducers and (d) ultrasound control system.
2.4. Experimental procedure
The AGMD process with no ultrasound cleaning was run for 70 h with feed temperature of 
70oC, feedwater flow rate of 100 L/h, coolant temperature of 20oC and coolant flow rate of 
200 L/h. The permeate flux was measured every 10 h. After 70 h of operation when the 
permeate flux decreased by around 50% on both membranes (Fig. 3), ultrasound was then 
applied for 15 minutes. It should be mentioned here that an ultrasonic power range of 8-23 W 
was applied for studying the effect of varying power level on permeate flux production. The 
power was measured using a wattmeter (EDMI MK7C Single Phase Smart Meter) and an 
oscilloscope (Tektronix, TPS2014) supplied with current probe (Tektronix, TCP 202), control 
was achieved with the arbitrary function generator (Tektronix AFG 30 2208) producing the 
waveform signal for the audio power amplifier (Peavey IP 8.5-C). The effect of feedwater 
temperature and flowrate on permeate flux and rejection were tested. Three different feed 
temperatures of 50oC, 60oC and 70oC were applied along with three different flow rates of 50 
L/h, 100 L/h and 150 L/h. The coolant flow rate and temperature were fixed at 200 L/h and 
20oC, respectively. Experiments were conducted in triplicate to ensure the repeatability of the 
work.  
2.5.  Analytical methods
The respective conductivities of the feed and permeate samples were measured by 
Microchem Conductivity sensor/transmitters (supplied by TPS Pty Ltd), the millivolt signals 
were transmitted into the PLC analogue card to allow logging with the SCADA system. A 
scanning electron microscopy (SEM Model JCM-6000 BENCHTOP, supplied by JEOL) was 
used to examine the membrane for potential changes in morphology structure as a result of 
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membrane fouling and/or exposure to ultrasound treatments. A Fourier transform infrared 
(FT-IR) spectrometer (Model IR Affinity-1S, supplied by SHIMADZU) with an attenuated 
total reflectance (ATR) accessory was used to study the surface chemistry of virgin, fouled 
and cleaned membranes.
3. Fouling mitigation and flux enhancement-ultrasound mechanisms
The extent of ultrasonic effect on AGMD process in the present configuration (Fig.1) 
depends on the applied ultrasonic parameters and the medium being irradiated. In the case of 
AGMD, there are three media; water, membrane and a mixture of air and vapour. The effect 
of ultrasound in the latter two is in the form of acoustic streaming. However, chemical, 
extreme localised physical effects (i.e. high temperature and pressure) and mechanical effects 
such as micro jets and shock waves may occur in water due to the generation and subsequent 
collapse of cavitating bubbles [45]. Cavitational bubbles can only occur when the applied 
ultrasonic pressure for given conditions of irradiated liquid exceeds the cohesive forces of the 
liquid. This can be determined through calculating cavitation threshold using equations 1 and 
2 [28, 46]:





3(𝑃𝑜 + 2𝜎 𝑅𝑜)
(1)
𝑃𝐴 =  2𝐼𝜌𝐶 (2)
where Pb is the cavitation threshold pressure (Blake threshold) (Pa), Po is the pressure of the 
water without ultrasound effect (Pa),  is the water surface tension (N/m), Ro is the initial 
bubble radius (m), PA is the acoustic pressure (Pa), I is the ultrasonic intensity (W/m2),  is 
the water density (kg/m3) and C is the sound velocity in the irradiated medium.
Given the low ultrasonic power applied in this study, the occurrence of cavitation is unlikely, 
and this will be discussed further in section 4. In this case, the ultrasonic effect across all the 
media involved in mass transfer is non-cavitational, or in other words, acoustic streaming. 
The acoustic streaming can prevent foulants deposition on membrane by counteracting the 
adhesion forces such as drag force and electrostatic interactions. It can also alter the nature of 
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the flow across the membrane to become turbulent and this in turn reduces temperature and 
concentration polarization and consequently improve mass transfer across the membrane [6]. 
Theoretical representation for the effect of ultrasound on mass transfer is provided in the 
following part of this section.
Acoustic streaming can influence the resistance across the membrane as illustrated in Fig. 2. 
An analogy to electrical resistors is usually made to depict the resistance components in 
membrane distillation process [6, 47]. The resistance of the flow is the inverse of mass 
transfer coefficient. The overall mass transfer across AGMD can be expressed by the 
following formula [6];
𝐽 =  𝐾(𝑃𝑓𝑚 ― 𝑃𝑠𝑚)   (3)
Where J is the permeate flux (kg/m2.s), K is the overall membrane transfer coefficient and it 
is the combination of mass transfer coefficient of feed (Kf), membrane (Km) and strip side (Ks) 
(J/Pa) and Pfm and Psm are respective vapour pressures at membrane interface for feed and 
strip sides.
Fig. 2: Ultrasound effect on mass transfer across AGMD module
 
As demonstrated in Fig. 2, acoustic streaming can travel to the strip side and across the 
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feedwater represented by the fading colour of the waves. The lost ultrasonic energy is 
absorbed by the transverse media, which can be quantified applying an exponential power 
law (equation 4) [48].
ln [ 𝐼𝐼°] = ―𝛼𝑑   (4)
Where I₀ and I are initial and attenuated ultrasonic intensity (W/m2) for a travelling distance 
of d (m) and α is attenuation coefficient of the absorbing media (dB/m).  
The feed side mass transfer coefficient can be calculated applying Sherwood number (Sh) 
formula given by 5 [49];




D is the molecular diffusivity (m2/s) and dh is hydraulic diameter (m).
Based on the flow conditions, Sherwood number can be computed applying empirical 
relations given in 6 and 7 [50];
 𝑆ℎ = 0.13 𝑅𝑒0.64 𝑆𝑐0.38 Re<2100 (6)
 𝑆ℎ = 0.023 𝑅𝑒0.8 𝑆𝑐0.33 Re>2100 (7)
Reynolds number represents the proportion of the inertial force to the resistive force. For the 
case of normal AGMD process, the inertial force is expressed by the flow of the fluid [51]. 
As stated earlier that acoustic streaming acts as inertial force that introduces turbulences into 
the flow as enunciated in equation 8 [52, 53];





where a is the ultrasonic displacement amplitude (m), ?? is the angular frequency (Hz), ρ is 
fluid density (kg/m3) and µ is the fluid viscosity (Pa.s) and subscript US denotes flow 
conditions under ultrasound effects.
Mass transfer through the membrane in AGMD configuration can be explained by three 
mechanisms; Poiseuille flow, molecular diffusion and Knudsen diffusion [6, 54]. However, 
only the latter two occur in AGMD. The prominent transfer mechanism can be identified 
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through computing Knudsen number (Kn) (9) [51]. If Kn <0.01, the molecular diffusion 
dominates. If 0.01 <Kn < 10, the diffusion of the vapour falls in the molecular-Knudsen 
diffusion region. For flow with Kn >10, Knudsen diffusion mechanism is prevalent  [6, 55].
 𝑘𝑛 =
𝐾𝐵𝑇𝑎𝑣






where dp is the pore diameter(m), KB is Boltzmann constant, 1.380 ×10−23 (J /K), ??w and ??a 
the collision diameters of water (2.7 × 10−10 m) and air (3.7 × 10−10 m), respectively, Pt the 
total gas pressure in the membrane pores (Pa), and Ma is the molecular weight of air (~ 29 kg/ 
kmol) and Mw is the molecular weight for water (18 kg/kmol).
Mass transfer coefficient for molecular diffusion, Knudsen diffusion and molecular-knudsen 














0.5       
(11)




𝛿𝜒 ln [𝑃𝑎12𝑟3 [ 8𝑅𝑇𝜋𝑀𝑤]0.5 + 𝑃𝐷𝑃𝑎22𝑟3 [ 8𝑅𝑇𝜋𝑀𝑤]0.5 + 𝑃𝐷] 
(12)
where R is universal gas constant, 8.314 J/mol.K, P (Pa) and T (K) are the respective average 
pressure and temperature in the pore, ?? the membrane porosity, r is pore radius (m), ?? the 
membrane thickness (m) and ?? is membrane tortuosity,  Pa(lm) is the log-mean air pressure in 
the pores (Pa) and Pa1 and Pa2 are the partial pressures of air at the two sides of the 
membrane.









where b is the air gap thickness (m).
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It can be noticed that mass transfer coefficients across the membrane and the strip side rely 
on the intrinsic properties of the medium, pressure and temperature. Acoustic streaming can 
reduce temperature polarization [59], and this in turn affects medium properties.   
4. Results and discussion 
4.1. AGMD performance with virgin membranes 
The changes in vapor flux as a function of the AGMD process time on PVDF and PTFE 
membranes with respect to two different types of feedwater; NW and RW are shown in Fig. 
3. It should be noted here that all the presented data in the results section are in mean values 
of three data pointes.  PVDF membrane exhibited better performance as compared to PTFE 
membrane for both water types. Previous studies reported that PTFE has a higher flux 
compared to PVDF due to its higher mass transfer coefficient [39, 40], however, the observed 
trend in this study could be attributed to the presence of support layer in the PTFE structure 
which is absent in PVDF and slightly higher porosity of the latter compared to PTFE. The 
support layer might add additional hydraulic resistance to the permeate flow. Higher 
permeate fluxes were observed in AGMD process with NW as opposed to RW regardless of 
the membrane type. This could be ascribed to a lesser fouling potential of the NW compared 
to RW. As shown in Table 1, RW has more than three times inorganic contamination load as 
that of NW expressed by conductivity measurements (12,760 µS/cm vs 3,970 µS/cm). The 
permeate flux of RW for both membranes was lower by 13% compared to NW. A similar 
trend was observed by Alklaibi and Lior [60] when the feed water concentration increased 































Fig. 3. Permeate flux versus time, PTFE and PVDF membranes type NW and RW.
Feed temperature = 70oC at 100 L/h, Coolant = 20oC at 200 L/h.
4.2.  Effect of feed temperature on permeate flux
Figures 4 and 5 present the permeate flux as a function of the feed temperature in AGMD 
process with, without (silent conditions) and after ultrasound application for the PTFE and 
PVDF membranes tested for treating NW and RW, respectively. As illustrated in Fig. 4 a in 
arrows that the primary y-axis represents flux data, while the secondary y-axis illustrates 
rejection (%) data of cleaned membranes. The cleaning effect of ultrasound is depicted as the 
difference between the flux curves of before and after US application, while the difference 
between the flux curves of during and after US application represents mass transfer 
improvement induced by US. These illustrations apply to Figures 4 - 7, however they are not 
presented on all figures to avoid unnecessary repetition.
As shown in Fig. 4, permeate flux increased with increasing feedwater temperature from 50 
oC to 70oC for both membrane types. This attributed to the nature of MD process as the 
driving force is the temperature gradient across the membrane, which generates vapour 
pressure difference across the membrane [61]. As such, the increase in feedwater temperature 
enhances the driving force of the AGMD process and improves permeate flux production. 
However, the extent of the permeate flux increase is affected by the overall feedwater 
temperature. Thus, the increase in permeate flux observed when the feedwater temperature 
was increased from 50oC to 60oC, was smaller compared to the temperature increment from 
60oC to 70oC. As is commonly known, water vapour pressure increases exponentially with 
temperature [61]. Accordingly, the increment of water vapour pressure would be greater 
when the temperature was raised from 60oC to 70oC compared to 50oC to 60oC. Increased 
feedwater temperatures tend to reduce temperature polarization [47, 62]. Therefore, 
increasing feedwater temperature to 70oC would not only reduce the heat losses associated 
with the temperature polarization,  compared to those at lower feedwater temperatures, but 
also show improvements corresponding to permeate fluxes and process efficiencies.
When comparing permeate fluxes achieved for NW and RW, it can be seen that permeate 
flux for NW was higher than that obtained with RW. Since the conductivity of the NW was 
significantly lower than that of the RW indicating low contaminants concentration, according 
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to Raoult’s law (equation 14 [6]), its vapour pressure would inherently be higher at any tested 
feedwater temperature than that of the RW. This leads to high vapour productivity of NW 
compared to RW. 
𝑃𝑓 =  𝑥𝑤 𝑃°𝑤 (14)
Where Pf is the vapour pressure of the feedwater (Pa), xw is water molar fraction and P°w is 
the vapour pressure of pure water (Pa).  
The application of the ultrasound treatment to enhance the AGMD process resulted in 
significant increases in permeate flux for both PTFE and PVDF membranes for both water 
types tested. 
It can be noticed that the cleaning effect of ultrasound was almost independent of the 
feedwater temperature for all treatment scenarios. Similar trend can be seen for mass transfer 
enhancement of RW, however, the case is different for NW as enhancement increased with 
increasing the feed temperature. This can be explained by the high concentration of salts in 
RW that affect the vapour pressure development and consequently the flux (equation 14).
When ultrasound applied after 70 hours of AGMD operation, the fouled membrane’s 
permeate flux recorded was noticeably higher than any of those obtained without ultrasound 
treatment. Ultrasound cleaning of the two tested membranes resulted in a maximum increase 
of 50% in NW and RW for the first two temperatures and a little less for the highest 
temperature. The combined mass transfer improvement and membrane cleaning resulted in 
doubling the flux for all membranes and water types. Superior performance of the AGMD 
process was also achieved when ultrasound treatment was applied continuously. These results 
are in agreement with previous investigation by [37] where permeate flux of MD was 
reported to reach up to 200 % when an ultrasonic intensity in a range of 0 - 50 kW/m2 (0 - 
5W/cm2) was applied. However, the intensity applied in this study was much lower, as 
reported in [37]. The high performance of ultrasound in this study is attributed to the direct 
application of ultrasound through the spacers where losses are minimal. The attenuation 
across membrane, feedwater and air and vapour zones, were calculated using equation 4. It 
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was found that the collective attenuation of ultrasonic power across the aforementioned 
media was very low, in the range of milliwatts, for the highest intensity applied. 
The results presented here showed that ultrasound application is not only capable of 
removing the fouling layer formed on the membrane surface [63], but also aids in preventing 
foulants from further being deposited and at the same time enhancing the mass transfer across 
the membrane [30], discussed further in section 4.4. It is noteworthy that the application of 
ultrasound irradiation does not directly affect the intrinsic membranes permeability [7, 64]. 
However, it is expected to promote permeate flux by alleviating concentration and 
temperature polarisation, thereby decreasing membrane fouling and improving mass transfer 
across the membrane [65]. The improvement of the flux with the aid of ultrasound was also 
reported in [30, 66]. It should be mentioned here that although applying high power 
ultrasound improves flux significantly, it negatively affects the membrane structural integrity 
and leads to damage or pore dilation [30, 35]. Therefore, this study advises against the use of 
high-power ultrasound as the power effect on mass transfer is not of a linear nature (further 
details are provided in section 4.4.). The effect of the applied ultrasonic power on membrane 
integrity was gauged by measuring the reject percentage which showed no difference after 
ultrasound applications as shown in Figs. 4-7. Further evidence of maintaining membrane 









Fig. 4. Ultrasound effect vs permeate flux, NW with different temperatures (a) PVDF, (b) 





























































































Fig. 5. Ultrasound effect vs permeate flux, RW at different feed temperatures, (a) PVDF 
and (b) PTFE. Feedwater = 150 L/h, Coolant = 20oC at 200 L/h, ultrasound = 24 W/m2.
4.3. Effect of feed flow rate on permeate flux
The feedwater flow rate is an important parameter which significantly influences the 
efficiency of the MD process [67]. The feedwater flow rate affects temperature and 
concentration polarization at the membrane surface [60, 68]. The effect of feedwater flow 
rate in a range of 50 -150 L/h on the permeate flux with, without and post ultrasound 
treatment was investigated for PTFE and PVDF membranes using NW and RW samples and 
the results are shown in Fig.6 and Fig.7, respectively. The permeate flux of the AGMD 
process increased with feedwater flow rate and ultrasound power for all tested conditions. 
However, the rate of increase was higher when the feed flow rate was increased from 100 
L/min to 150 L/min, compared to that of 50 L/min to 100 L/min. The observed effect can be 
explained as follows; the feedwater residence time in the AGMD module at low flow rates is 
longer than that at high rates, leading to a decrease in the temperature gradient across the 
module, due to the increase in boundary layer thickness, corresponding to temperature and 
concentration polarization [60].
It can be observed that ultrasound cleaning resulted in an almost 50% increase in the flux for 
all treatments. The increment rate of NW flux due to ultrasound cleaning was largely the 
same for all tested flow rates. However, the improvement of RW flux was more pronounced 













































where a high flow rate, combined with acoustic streaming effects, generate higher turbulence 
that reduces concentration polarisation at the membrane surface and results in less adherence 
of foulants [69]. Mass transfer improvements resulted in further increases of the flux up to 
100% above control. The flux rate increase became sharper when the flowrate increased from 
100 to 150 L/h, and this again confirms the impact of the synergistic effect of flow generated 
and ultrasound induced turbulences, that help in improving vapour transfer across the 
membrane. The rejection rate was consistently higher than 99% for all treatments. 
(a) 
(b)






























































































(b) PTFE. Feed water = 70oC, Coolant = 20oC at 200 L/h, ultrasound power = 24 W/m2.
 (a)
(b)
Fig. 7. Ultrasound effect on permeate flux, RW with different feedwater flow rates (a) 
PVDF, (b) PTFE. Feed water = 70oC, Coolant = 20oC at 200 L/h, ultrasound = 24 W/m2.
4.4. Ultrasound power effect on permeate flux
Prior to analysing the effect of power increase on AGMD flux, it is important to study 
ultrasonic effects that are likely to occur within the applied experimental conditions. As 
stated in section 3, Blake threshold pressure was calculated for the highest power level 






























































































ultrasound as demonstrated in Fig. 8. The initial bubble diameter was assumed to be 10 µm (a 
commonly assumed value for cavitation calculations [45]) and fluid conditions similar to 
those inside the membrane module were applied.
Fig. 8. Comparison between cavitation threshold and generated acoustic pressure for the 
highest applied ultrasonic power (23W), for feed water at 50°C, 60°C and 70°C.
As seen in Fig. 8, there is a significant difference between the cavitation threshold and the 
generated acoustic pressure at the highest applied level. Hence, the permeate flux 
improvement is likely to be attributed to the cleaning effects and the mass transfer 
enhancements caused by acoustic streaming. Previous studies applied high power level and 
proposed that ultrasound benefits were due to some or all of cavitational effects such as micro 
streaming, and thermal effects [28, 70]. A comparison has been drawn between the flux 
enhancement obtained in this study with those reported in the literature, taking into 
consideration the experimental conditions and the specifications of the membrane and 
ultrasound setup as shown in Table 3. It can be seen that the performance of the proposed 
direct ultrasonic-assisted AGMD configuration in this study exceeded by far the performance 
of other reported configurations. With directly applied ultrasound, a low power level of 8 W 
resulted in higher flux improvement than the indirect ultrasound approaches, where the power 
applied was as high as 260 W. The reason behind this is that direct ultrasound has minimal 
transfer power loss compared to other configurations, where a significant part of the power is 






















ultrasound technology seems to be an energy intensive practice and a challenge to scale to an 
industrial level. 
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Several factors can influence the efficiency of ultrasound treatment, namely orientation and 
position of the ultrasonic field, ultrasonic power intensity and frequency, type of membrane 
and fouling materials, membrane housing, and operating pressure [7]. The focus of our study 
is on varying ultrasonic power within a low, energy efficient and membrane damage-free 
range. Ultrasound was applied to vibrate the slotted stainless-steel spacer plate of 1 mm 
thickness, which was placed between the membrane surface and coolant side. At a time when 
ultrasound was applied, the spacers started shaking immediately on both sides of membrane 
as a result of ultrasonic waves passage. The foulants which tend to deposit on the membrane 
surface during the normal AGMD operation were detached/dislodged due to vibration in the 
ultrasonic assisted AGMD, and then carried away with the feedwater flow. This resulted in a 
clean membrane surface and an improved vapor flux. It should be noted here that with the 
proposed direct ultrasonic-assisted AGMD process there is no risk of permeate contamination 
due to the passage of detached scale particles and this is evident in the consistent high 
rejection percentage of cleaned membranes presented in Figs 4-7 (data presented in square 
marks). When considering the forces acting on detached scale particles in tangential flow 
filtration, as in this study, there is only a weak drag force resulting from water vapour flow 
from feed side to the permeate side [71] in comparison to two strong forces that push the 
particle to the feed side; the force resulting from the tangential flow of the feed and the force 
generated from acoustic streaming. Hence, even particles with smaller size than the 
membrane pores are unlikely to pass through the membrane. The nature of the polymeric 
membrane being such that it only permits the passage of water vapour, provides another 
protection layer preventing the flow of detached salt into the permeate side, as they exist as 
dissolved i.e. not in vapour format. Regarding the concentrated stream of rejected salt, it is 
typically discharged into the environment with different ways of disposal, such as marine, 
well injection and solar evaporation ponds. When strict environmental regulations are 
applied, the concentrated stream may be further treated with zero liquid discharge processes 
such as crystallization.    
An additional advantage for the use of ultrasound in AGMD is that the energy of the 
ultrasound is transformed to heat which can improve heat transfer from the hot side to the 
coolant side [72], contributing to the direct membrane surface heating. Once the heat transfer 
loss is reduced as a result of ultrasound energy, the feed water temperature will be maintained 
constant which will further reduce temperature drop/loss inside the module thereby reducing 
temperature polarization effect [73]. This condition would further lead to increasing the mass 
transfer through the membrane.
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The effects of applying various ultrasound powers ranging from 8 to 23 W, on RW permeate 
flux for PTFE membranes were investigated and the results are presented in Fig. 9. PTFE was 
selected in this step of the investigation due to it is durable structure for ultrasound 
application [35]. Fig. 9 shows that the permeate flux almost doubled from 0.65 kg/m2.h to 
1.19 kg/m2.h by increasing the power from 8 to 23 W. Flux increments exhibited a 
logarithmic behaviour with ultrasound increase and this agrees with the reported findings in 
[37]. The increment of ultrasound power did not damage the membrane surface as verified by 
the membrane surface visualisation tests (see Fig. 12). Kobayashi et al. [74] observed a 
significant increase in ultrafiltration flux using a power intensity of 23 W/cm2  with no 
membrane damage. Ultrasound should be used carefully because polymeric materials could 
get effect by applying high frequency and power. 
Fig.9. Effect of applied ultrasound power on permeate flux for RW, Feedwater = 60oC at 
100 L/h, Coolant = 20oC at 200 L/h.
The effect of ultrasound on mass transfer was estimated theoretically by computing the 
overall mass transfer coefficient of AGMD with and without ultrasound using equation 3-13. 
The ratio of the coefficients of the two treatment scenarios (enhancement ratio) was 
calculated and plotted against the applied power level as illustrated in Fig. 10. It can be seen 
from this figure that the trend of the enhancement ratio is similar to that of flux increment in 























Fig. 10. Enhancement ratio with varying ultrasonic power levels
4.5. ATR FT-IR analysis of membrane surface
ATR FT-IR was employed in this study to evaluate the change in surface chemistry of PTFE 
membranes before and after ultrasound treatments. ATR FT-IR spectra of virgin, fouled and 
cleaned PTFE membrane surfaces are shown in Fig.11. The spectra of virgin membranes 
revealed the presence of a set of peaks which are characteristic of the PTFE material used 
(Fig. 11 a). The bands at 1199 and 1146 cm-1 were assigned to CF2 , symmetric stretching 
vibrations [75], while the band at 640 cm-1 was attributed to the rolling vibrations of the CF2 
group [76]. The band at 553 cm-1 corresponded to CF2 deformation [76]. The wide band 
appearing in the spectrum of the fouled membrane at 1001 cm-1 (Fig. 11 b) could be 
attributed to silica precipitation [77] and/or gypsum scaling (CaSO4.2H2O) [78]. Both 
contaminants are present in the feed water (Table 1) and they are known for their tendency to 
foul MD membranes [79, 80]. Silica fouling potency increases when the concentration 
exceeds the amorphous silica concentration range of 100-140 mg/L [81] and this is the case 
in this study (see Table 1). Comparing spectra of the fouled and ultrasonically cleaned 
membranes (Figs. 11b and c), it can be clearly seen that ultrasound was very effective in 
removing foulants from the membrane surface. The characteristic PTFE peaks which were 
supressed in the spectrum of the fouled membrane (Fig. 11b), fully reappeared in the 
spectrum of the cleaned membrane (Fig. 11c). Ultrasound exhibited superior performance in 
removing silica/gypsum fouling. As seen in Fig. 11c, the intensity of the band at 1001 cm-1 






















(Fig. 11 b). This is an important finding as it points out that ultrasonic-assisted membrane 
cleaning could be a feasible tool in eliminating persistent membrane foulants which are 
difficult to remove by other existing cleaning techniques. 
Fig. 11. ATR FTIR spectra of (a) virgin PTFE membrane, (b) fouled PTFE membrane, and (c) 
ultrasonically cleaned PTFE membrane.
4.6. Membrane surface characterization
A scanning electron microscope technique was employed in this study to examine the 
morphological changes of the membrane surface, before and after ultrasound treatments. Fig. 
12 shows the surfaces of virgin, fouled and ultrasound-treated PTFE membranes. Significant 
fouling was observed on the surface of membranes after 70 h of operation (Fig. 12 b) 
compared to the clean surface of the virgin membrane (Fig. 12 a). The subsequent ultrasound 
treatment effectively removed the fouling layer from the membrane surface as seen in Fig. 12 
c. Also, no signs of damage to the membrane surface were observed, confirming that 
applying direct, low power ultrasound did not affect membrane integrity, unlike other studies 
that reported damage to membrane construction materials due to the high level of applied 




Fig. 12. SEM images of (a) virgin, (b) fouled, and (c) ultrasonically cleaned PTFE 
membranes.
5. Conclusions
The effect of ultrasound with an applied power range of 8 - 23 W, on membrane fouling and 
permeate flux enhancements for an AGMD system were investigated for three different levels 
of feedwater flowrate and temperature. NW and RW were treated using PTFE and PVDF 
membrane types. Generally, NW had higher flux compared to RW. As expected from 
published literature, the higher the feedwater temperature and flowrate, the higher the 
permeate flux produced. Ultrasound application improved permeate flux of all treatment 
scenarios, due to cleaning effects and mass transfer enhancements. ATR FT-IR analyses 
showed that the ultrasound treatment effectively removed foulants from the membrane 
surface. SEM visualisation revealed that ultrasound treatments did not exert any negative 
effects on treated membranes’ integrity and was able to return a significantly fouled 
membrane back to close to pristine status. This study also showed that the ultrasonic-assisted 
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AGMD process was effective in treating water samples with very different physicochemical 
properties. Continuing research into finding effective ways of applying ultrasound for fouling 
mitigation and flux enhancement in AGMD and other membrane systems is recommended 
for future endeavours. As always, such applications should be practical in their 
implementation, relevant at an industrial scale and utilise ultrasonic energy wisely. Some 
aspects that are recommended for exploration are theoretical modelling of the ultrasonic-
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 Air-gap membrane distillation was used to treat RO reject and natural ground water.
 Various feed temperature and flow rate were tested with two commercial membranes. 
 Low ultrasounic power was directly applied through spacers. 
 Ultrasound improved the flux by 100% for fouled membranes.
 Fouling was decreased without membrane damage.     
